As the infectious agent causing human adult T cell leukemia (ATL), the HTLV-1 virus spreads in vivo primarily by cell-to-cell transmission. However, the factors that determine its transmission efficiency are not fully understood. The viral genome encodes the HTLV-1 bZIP factor (HBZ) which is expressed in all ATL cases and is known to promote T cell proliferation. In this study, we investigated the hypothesis that 
Introduction
HTLV-1 is estimated to infect 10-20 million people in the world (1) . This virus causes not only a neoplastic disease of CD4 + T cells, ATL, but also chronic inflammatory diseases of the central nervous system, lung, or skin (2) . HTLV-1 can be transmitted efficiently in a cell-to-cell fashion (3, 4) , while free virus shows poor infectivity (5, 6) , and virions are not detected in infected individuals. To increase the number of infected cells and facilitate transmission, HTLV-1 increases its copy number primarily by triggering the proliferation of infected cells --replicating within the host genome instead of undergoing viral replication (7, 8) . Thus, HTLV-1 promotes proliferation and suppresses apoptosis of infected cells via complex interactions of viral proteins with host factors.
Among the viral genes encoded in HTLV-1, the tax gene has been extensively studied. Tax can activate various signal pathways like NF-κB, AP-1, and SRF (9) .
However, Tax expression is frequently undetectable in ATL cases. Importantly, the nonsense mutations in the tax gene are often observed in not only ATL cases but also infected cells of asymptomatic HTLV-1 carriers (10) . These findings suggest that other mechanisms suppress the apoptosis of HTLV-1 infected cells in the absence of Tax expression (2) . We have reported that the HBZ gene is expressed in all ATL cases (11) .
Furthermore, HBZ promotes the proliferation of T-cells and induces development of T-cell lymphomas and inflammatory diseases in transgenic mice (12) . Therefore, we speculated that HBZ might also influence apoptosis.
Cell lines and clinical samples
HTLV-1 immortalized cell lines (MT-4), ATL cell lines (ED, TL-Om1, and MT-1),
T cell lines not infected with HTLV-1 (Jurkat, SupT1, and CCRF-CEM) were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and antibiotics at 37°C under a 5% CO 2 atmosphere. Jurkat cells stably expressing spliced form of HBZ (sHBZ), Jurkat-HBZ ,were maintained as described previously (19) . To construct CCRF-CEM cells stably expressing HBZ, CEM-HBZ, the coding sequence of HBZ was subcloned into pME18Sneo vector and then the expression vector or its empty vector were transfected into CCRF-CEM cells by using Neon (Invitrogen) according to the manufacturer's instructions. Stable transfectants were selected in G418 (1mg / ml).
293T cells were cultured in Dulbecco modified Eagle medium supplemented with 10%
FBS and antibiotics and when 293FT cells were cultured, 500 µg/mL G418 was added.
Fas blocking antibody was purchased from Alexis.
This study was conducted according to the principles expressed in the Declaration of Helsinki. The study was approved by the Institutional Review Board of Kyoto University (G204). All patients provided written informed consent for the collection of samples and subsequent analysis.
Plasmid constructs
Wild-type form of FoxO3a was generated by PCR amplification using Jurkat cDNA library and constitutively active form of FoxO3a (FoxO3aAAA) was also generated by PCR amplification with mutated primers (20) . These PCR fragments were then subcloned into pCMV-Tag2B vector and pIRES-hrGFP-1a (Stratagene). The vectors encoding the myc-His-tagged form of HBZ and its mutants used in this study have been described previously (19, 21) . We modified pLKO. and the backbone of this vector was pGL3-basic (Promega) (22) .
Luciferase assay
Jurkat cells were transfected with 0.2 µg/well of luciferase reporter plasmid, 1 ng/well of Renilla luciferase control vector (phRL-TK), 0.2 µg/well of FoxO3aAAA expression plasmid or its empty vector and 0.6 µg/well of HBZ expression plasmid or its empty vector with caspase inhibitor Z-VAD-FMK (MBL). Plasmids were transfected using Neon (Invitrogen) according to the manufacturer's instructions. After 24 hours, cells were collected and luciferase activities were measured using the Dual-Luciferase
Reporter Assay (Promega). Relative luciferase activity was calculated as the ratio of firefly to Renilla luciferase activity. Three independent experiments, each with triplicate transfections, were performed and typical results are shown.
Microarray analysis
Jurkat-control and Jurkat-HBZ were stimulated with phorbol myristate acetate (PMA) (50 ng/ml) and ionomycin (1 µg/ml) for 9 hrs. After the stimulation, cells were collected and total RNA was isolated using Trizol Reagent (Invitrogen) according to the manufacturer's instructions. We then digested DNA using deoxyribonuclease I (Invitrogen) and cleaned up RNA using RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. We then synthesized cDNA and performed microarray processing according to the GeneChip Expression Analysis Technical Manual (Affymetrix). All data were analyzed by using GeneSpring GX (Agilent Technologies).
The microarray data related to this paper have been submitted to the Gene Expression
Omnibus under the accession number GSE48029.
Immunofluorescence analysis
293FT cells were transfected with expression vectors using Lipofectamine LTX ProLong Gold antifade reagent with DAPI (Invitrogen). To concentrate non-adherent cells onto a microscope slide, Cytofuge (Statspin) was used. Fixation and blocking were performed as described above.
Assessment of apoptosis
Apoptotic cells were routinely identified by Annexin V-APC (eBioscience) or PE or FITC (BioVision) staining according to the manufacturer's instructions and analyzed with a flow cytometer (BD FACSCanto II, BD Biosciences). Data files were analyzed by using FlowJo software (Treestar).
Real-time PCR
Total RNA was isolated for the analysis using Trizol reagent. RNA was treated with DNase I to eliminate the genomic DNA. Reverse transcription was performed using random primer and SuperScript III reverse transcriptase (Invitrogen). CD25-CD4+ cells from healthy donor were obtained by using human CD4 T Lymphocyte enrichment kit (BD Pharmingen). Then cells were stimulated with PMA/Io for 9 hrs and RNA was isolated and reverse transcription were performed as described above. cDNA products were analyzed by real-time PCR using the Taqman Universal PCR Master Mix (PE Immune complexes were collected with salmon sperm DNA-protein A and G Sepharose slurry, washed, and eluted with freshly prepared elution buffer (1% SDS, 100 mM NaHCO3). Protein-DNA complexes were de-crosslinked at 65°C for 4 hours. DNA was purified and subjected to real-time PCR for quantification of the target fragments.
Sequences for the primer set are described previously (24, 25). 
Then, the fold difference value for a target antibody (t) was subtracted by the nonspecific value derived from mouse or rabbit IgG (t 0 ) ;
Bisulfite genomic sequencing
Sodium bisulfite treatment of genomic DNA was performed as described previously (26). DNA regions were amplified using bisulfite-treated genomic DNA by nested PCR.
To amplify promoter region (promoter 1) of Bim, primers used in the first PCR were 
Lentiviral vector construction and transfection of the recombinant lentivirus
Lentiviral vector expressing shRNA against HBZ was constructed and recombinant lentivirus was infected as described previously (11) . When > 90% of cells expressed EGFP, the HBZ and Bim genes expressions were analyzed by real-time PCR.
Results
The Bim gene transcription is suppressed in HBZ-expressing Jurkat and
CCRF-CEM cells
To determine the effects of HBZ on gene expression, we first performed microarray analysis. Jurkat cells with or without expression of spliced form of HBZ (Jurkat-HBZ and Jurkat-control, respectively) were stimulated with PMA and ionomycin (Io) for 9
hrs. Gene expression profiles were then analyzed by DNA microarray. Table 1 
HBZ inhibits apoptosis
It has been reported that Bim plays an important role in activation induced cell death 
HBZ suppresses Bim expression through attenuation of FoxO3a
We analyzed how HBZ suppresses the expression of Bim and FasL. It has been reported that a Forkhead factor, FoxO3a, and p73 are important for the transcription of (Figure 2A ). We also found that an HBZ mutant without activation domain lacks the activity to inhibit FoxO3aAAA-induced apoptosis ( Figure   2A ), indicating the significance of activation domain in suppression of FoxO3a mediated apoptosis. It has been reported that LXXLL motif in FoxO3a binds to its coactivator CBP/p300 (37) . Similarly, HBZ has LXXLL-like motifs located in the NH 2 -terminal region, which bind to KIX domain of CBP/p300 (38) . We speculated that the LXXLL-like motifs of HBZ might affect FoxO3aAAA function through KIX domain of CBP/p300. An HBZ mutant, which has substitutions in 27th and 28th
residues (LL to AA) of LXXLL-like motif, lack the activity to suppress FoxO3aAAA mediated apoptosis ( Figure 2B ), indicating that LXXLL-like motif of HBZ is critical for suppression of FoxO3a mediated apoptosis.
Next, we analyzed the effect of HBZ on a FoxO3a responsive reporter. As shown in Analysis using HBZ deletion mutants showed that the central domain of HBZ interacted with FoxO3a ( Figure 2F ).
HBZ inhibits nuclear export of phosphorylated form of FoxO3a
Next we investigated the effect of HBZ on FoxO3a localization by confocal microscopy. We co-transfected 293FT cells with a plasmid expressing human wild-type prompted us to investigate whether HBZ bound to 14-3-3 along with FoxO3a, since 14-3-3 is a chaperon protein involved in nuclear-cytoplasm shuttling of FOXO family.
As shown in Figure 3E , HBZ, FoxO3a and 14-3-3 form a ternary complex. However, the binding of FoxO3a and 14-3-3 was not affected by HBZ (result of IP with anti-Flag
Ab and detected with anti-HA Ab).
As another possible mechanism for down-regulation of Bim and FasL, we compared the transcription level of p73 in Jurkat cells with and without HBZ expression.
Activation of HBZ expressing cells reduced transcription of p73, but the expression level of p73 was variable among ATL cell lines ( Supplementary Fig. S3A, B) . We conclude that p73 is not responsible for suppression of Bim expression in ATL cells. Fig. S4 ). A microarray data obtained from Gene Expression
Omnibus (GEO), shows that both Bim and FasL transcription levels are lower in ATL cases than healthy donors (accession number: GSE33615, Supplementary Fig. S5 ), supporting our data that Bim expression was suppressed in ATL cells.
Bim expression is silenced by epigenetic mechanisms
Since the Bim gene transcription was severely suppressed in ATL cells, we In this study, we showed that central domain of HBZ interacts with FoxO3a while LXXLL-like motif in activation domain of HBZ is responsible for suppressed apoptosis.
LXXLL-like motif of HBZ has been reported to interact with KIX domain of p300 (38) .
The central domain of HBZ interacts with the FH domain of FoxO3a, which binds to the target sequence (35) . This is mechanism how HBZ inhibits DNA binding of FoxO3a.
However, inhibitory effect of HBZ on apoptosis largely depends on LXXLL-like motif of activation domain (Figure 2A and B). FoxO3a is also reported to interact with KIX domain of CBP/p300 (37) . FH domain of FoxO3a intramolecularly interacts with its conserved regions (CR) 3, and binding of FH to DNA releases CR3, allowing it to bind KIX of CBP/p300 (45) . These findings suggest that HBZ interferes the complex interaction between FoxO3a and CBP/p300, which is likely important to induce apoptosis.
It has been reported that Bim has a tumor suppressor function in various cancers. 
Hemizygous loss of the

